Bismuth-doped Y 2 O 3 :Eu is used as red phosphors with very high efficiency and appropriate emission wavelength. These red phosphors have been synthesized by homogeneous coprecipitation and solid-state reaction without any flux, which may be used in the field of white LEDs ͑light-emitting diodes͒. ͑ii͒ The second way of generating white light is the combination red, green, and blue phosphors which can be excited by UV-LEDs with a wavelength of 360-400 nm. Generally, the three-band white light generated by UV-LEDs has several advantages over the two-band white light generated by blue LEDs. Human eyes sense higher brightness from the three-band white light, resulting in clear view of object colors, and illumination by three-band white light gives a clearer and limpid appearance to colored objects. Recently, a mixture of red and green sulfate phosphors excited by blue LEDs, in order to obtain white LED with high Ra, has been reported. 5, 6 Charge density of sulfide ions is higher than oxide ions, which results in higher basicity of the sulfide ions. Therefore, the sulfide ions are sensitive to electrophilic agents, such as H + and CO 2 . Consequently, sulfide phosphors ͑e.g., SrS͒ are unstable in CO 2 , O 2 , and moisture environment due to the hydrolytic decomposition Moreover, oxide compounds are more stable than sulfide phosphors, which undergo changes in their surface chemistry by interacting with the electron beam and UV light. This effect will leads to a serious degradation of their brightness and releases gases to destroy the semiconductor structure. Unfortunately, UV-LEDs wavelength located from 360 to 400 nm Y 2 O 3 :Eu could be excited due to the 4f-4f transition which was strongly forbidden by the parity selection rule. In Y 2 O 3 :Eu crystal, Eu 3+ ion occupied eight S 6 sites with inversion center and 24 C 2 sites without inversion center. When the crystallographic site lacks inversion symmetry, the uneven components of the crystal field need not follow the parity selection rule. In this way f-f transitions obtain at least some intensity. 10, 11 In other research, Y 2 O 3 :Eu codoped with Bi 3+ ions, the Bi 3+ ion acts as a sensitizer for Eu 3+ ion under the excitation of 350 nm. The efficiency of the phosphor can be greatly enhanced by the energy transfer from 1 S 0 → 3 P 1 transition of the Bi 3+ ion to the Eu 3+ ion.
͑ii͒ The second way of generating white light is the combination red, green, and blue phosphors which can be excited by UV-LEDs with a wavelength of 360-400 nm. Generally, the three-band white light generated by UV-LEDs has several advantages over the two-band white light generated by blue LEDs. Human eyes sense higher brightness from the three-band white light, resulting in clear view of object colors, and illumination by three-band white light gives a clearer and limpid appearance to colored objects. Recently, a mixture of red and green sulfate phosphors excited by blue LEDs, in order to obtain white LED with high Ra, has been reported. 5, 6 Charge density of sulfide ions is higher than oxide ions, which results in higher basicity of the sulfide ions. Therefore, the sulfide ions are sensitive to electrophilic agents, such as H + and CO 2 . Consequently, sulfide phosphors ͑e.g., SrS͒ are unstable in CO 2 , O 2 , and moisture environment due to the hydrolytic decomposition SrS + H 2 O + CO 2 → SrCO 3 + H 2 S and oxidative decomposition SrS + 2O 2 → SrSO 4 Moreover, oxide compounds are more stable than sulfide phosphors, which undergo changes in their surface chemistry by interacting with the electron beam and UV light. This effect will leads to a serious degradation of their brightness and releases gases to destroy the semiconductor structure. 7 According to the theoretical prediction of Koedam and Postelten, 8 fluorescent lamps with very high color rendering efficiency could be achieved by combining three phosphors which emit in narrow wavelength intervals centered on 450, 545, and 610 nm. These tricolor lamps have color rendering ͑CRI͒ values of 80-85 at high efficiencies of 100 lm/W. The material Y 2 O 3 :Eu is a topranking red phosphor with a quantum efficiency of nearly 100% when excited by 254 nm radiation. Its emission is located at 610 nm and all other emission lines are weak. 9 Unfortunately, UV-LEDs wavelength located from 360 to 400 nm Y 2 O 3 :Eu could be excited due to the 4f-4f transition which was strongly forbidden by the parity selection rule. In Y 2 O 3 :Eu crystal, Eu 3+ ion occupied eight S 6 sites with inversion center and 24 C 2 sites without inversion center. When the crystallographic site lacks inversion symmetry, the uneven components of the crystal field need not follow the parity selection rule. In this way f-f transitions obtain at least some intensity. 10 Making fine-grained luminescent materials by using grinding or milling brings defects into the surface of the phosphor crystal and reduces crystallinity. It is desired to get fine-grained phosphor for the LED application. There have been a number of attempts to synthesize fine-grained variations of the Y 2 O 3 :Eu material such as thin film chemical vapor deposition, 14 combustion synthesis, 15 and colloidal reactions. 16 In this report, we synthesized Y 2 O 3 :Eu, Y 2 O 3 :Bi, and Y 2 O 3 :Eu,Bi phosphors using homogeneous coprecipitation method and solid-state reaction. The temperature dependence of brightness and particle size of phosphors were observed. We also investigated the effect of emission characteristics with the Bi 3+ concentration.
Experimental
Sample preparation. O were purchased from Aldrich and used without further purification. Metal chloride salts were dissolved in water and the pH value of the solution was adjusted to 2 with hydrochloric acid to make the salts dissolve completely. In general, 20 equivalents urea was added in the solution. Then, the reactor was heated to 90°C for 2 h in air. The urea decomposed gradually and particle nucleated when pH reached 4-5. The particles enlarged until the cations of raw materials were exhausted. The precipitate was washed using DI wa-ter and dried at 90°C for 3 h. Then, the dried precipitate was sintered at various temperatures for 24 h in air. Overall reaction according to the following scheme is At temperature up to 90°C, the urea yielded ammonium and cyanate ions. Characterization.-X-ray diffraction ͑XRD͒ measurements of powder samples were carried out on a SCINTAG ͑X1͒ diffractometer ͑Cu K␣ radiation, = 1.5406 Å͒ at 40 kV and 30 mA. The GSAS program 18 was used for the Rietveld refinements in order to obtain information on the crystal structures of Y 2 O 3 :Eu and Y 2 O 3 :Eu,Bi. A pseudo-Voigt function was chosen to generate the line shape of the diffraction peaks. The full width half-maximum ͑fwhm͒ was refined as a function of 2, taking into account both Gaussian and Lorentzian broadening. The background was modeled as a 12-term polynomial function. In the final runs, the positional coordinates, isotropic thermal factors, and lattice constants were refined. Scanning electron micrographs ͑SEMs͒ were measured at room temperature by a Philips XL30 SEM equipped with a field emission gun at 15 kV. The photoluminescence spectra were measured by SPEX Flouorolog-2 spectrometer. The excitation source was a Xe lamp. All measurements were carried out at room temperature.
Results and Discussion
The powder XRD patterns of as-synthesized and sintered ͑Y 1.84 Eu 0.16 ͒O 3 powders by homogeneous coprecipitation at variant temperatures are shown in Fig. 1 . The as-synthesized powder XRD pattern is shown in an amorphous form. After sintering at 650°C, 1300 to 1650°C, each composition of the series has a cubic phase and no other detectable impurity phases observed. The XRD peaks sharpened with increasing sintering temperature, which indicates the crystallite growth. This agrees with SEM observations of phosphors sintered at different temperature. The growth of particle size from 300 nm to 4 m with increasing sintering temperature from 1300 to 1650°C ͑Fig. 2a and b, respectively͒ was observed.
Scanning electron microscopic ͑SEM͒ images are shown in Fig.  2a and b. From these figures ͑Fig. 2b and c͒ it is observed that phosphors synthesized by homogeneous coprecipitation result in larger particle size than those synthesized by solid-state reaction followed by sintering at 1650°C. The kinetics of particle growth has usually been described by the rate equation
where D is the mean particle size, which is calculated from experimentally observed SEM, n is the grain growth kinetic exponent, K 0 is a constant, Q is the activation energy for the grain growth process, R is the gas constant, and T is the sintering temperature. According to Eq. 1, particle size is proportional to sintering temperature and inversely proportional to activation energy. From the results of XRD and SEM, the activation energy of the grain growth of homogeneous coprecipitation is lower than that of solid-state reaction. Figure 3 shows the relative PL intensity of fluorescence in 610 nm which is due to the forced dipole transition 5 D 0 → 7 F 2 of Eu 3+ ions plotted vs the sintering temperature. PL intensity of phosphors synthesized by homogeneous coprecipitation was higher than those synthesized by solid-state reaction at various temperatures. The reduction in crystallite size consequent to an increase in the surface area gave the reason for lower PL intensity when sintering temperature was decreased. Surface defects increase with an increase in surface area of the phosphor crystals. For luminescent materials, surface defects have serious drawbacks, such as they provide nonradiative recombination process for electrons and holes. 20 Furthermore, some adsorbents on the surface may have higher vibration frequencies, especially O-H vibrations, and these may lead to higher multiphonon emission in small particle samples. 21 In order for phosphors to be as efficient as possible, the number of electronhole recombination via radiation process in activation center must be maximized. Therefore, the surface area of phosphors must be reduced. Moreover, it is well known that luminescent materials with high efficiencies usually have stiff lattices and high crystallinity. The trend for the increase in PL intensity is getting slower when the sample sintered at 1650°C. This result indicates the increased lattice diffusion and improved crystallinity at temperatures below 1600°C. When the sample sintered above 1600°C another process during particle growth, such as a grain boundary or surface diffusion, dominated.
The advantage of using chemical method ͑homogeneous precipitation͒ over solid-state reaction is to synthesize phosphors with regular and less defective structure. Wakefield and co-workers 22 found that no defects were formed within the crystal structure; defects tend to migrate to the surface of the crystal during the growth stage. When synthesized by solid-state reaction, a number of defects and strained phosphor regions were visible in high-resolution transmission electron microscopy ͑TEM͒. Such a surface-damaged region was expected to have unfavorable effects on phosphor efficiency. This agreed with our investigations; the PL intensity of phosphors synthesized by homogeneous coprecipitation is higher than those synthesized by solid-state reaction at various sintering temperatures.
The excitation and emission spectra of ͑Y 1.94 Bi 0.06 ͒O 3 , synthesized by homogeneous coprecipitation and sintered at 1650°C for 
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Journal of The Electrochemical Society, 152 ͑8͒ J93-J98 ͑2005͒ J94 24 h in air are shown in Fig. 4 . The fluorescence of Bi 3+ around 400-550 nm is roughly assigned by the 6s6p → 6s 2 transition. 9 However, the emission peaks at 418 and 494 nm are due to the splitting of the excited 6s6p state into 3 P 0 and 3 P 1 states, respectively, which is originated by the spin-orbital interaction. In the excitation spectrum the excitation appears at 270 nm, which indicates that the excitation process is caused by charge-transfer transition. And, the broad excitation band from 320 to 360 nm is caused by 6s 2 → 6s6p transition; the broad band split into two peaks at 330 and 350 nm is caused by the spin-orbital interaction. According to the emission spectrum excited under 350 nm, the ͑Y 1.94 Bi 0.06 ͒O 3 sample emits from 400 to 600 nm. The corresponding CIE chromaticity coordinates are x = 0.18 and y = 0.32, which locate at the region of blue-green color ͑as shown in the later Fig. 8͒ .
The comparison between the observed and calculated XRD patterns as well as the difference curve of the Rietveld refinement of the Y 1.78 Eu 0. 16 Bi 0.06 O 3 phosphor is shown in Fig. 5 . Judging from the XRD patterns and data of Rietveld structure refinement, the Y 1.78 Eu 0.16 Bi 0.06 O 3 phosphor has a cubic structure with the space group of Ia3, and the lattice constants are a = b = c = 10.631 81͑13͒ Å. The final R factors of the refinement are R p = 7.09%, R wp = 10.31%, and 2 = 1.16. We assumed that bismuth and europium randomly substitute the position of yttrium in the parent Y 2 O 3 compound, and the atomic parameters derived from Rietveld refinement are given in Table I . The atomic position of M͑1͒ ͑M = Y, Eu, and Bi͒ corresponds to the 24d site with C 2 symmetry which does not have the inversion symmetry. The atomic position of M͑2͒ ͑M = Y, Eu, and Bi͒ is the 8b site with S 6 symmetry which has the inversion symmetry.
As shown in Fig. 6 , with increase in the concentration of Bi 3+ ion from y = 0 to y = 0.12, the lattice constant and cell volume of the phosphors ͑Y 1 Figure 7a shows the excitation spectra of phosphors doped with and without Bi 3+ ion. The symmetry band at 260 nm appearing in excitation spectra is due to the charge-transfer transition of O 2− to Eu 3+ . The narrow lines around 400 nm are due to directive electronic transition within the nonbonding 4f 6 shell of Eu 3+ . Although the parity selection rule forbids these transitions leading to the weak transition, the unsymmetrical C 2 sites relax the parity selection. When the Bi 3+ ion was introduced into the Y 2 O 3 :Eu red phosphors, excitation spectra were enhanced significantly and a new band located at 350 nm which was attributed to 6s 2 → 6s6p transition of Bi 3+ . We found that, with increasing Bi 3+ concentration from y = 0.02 to y = 0.06 in ͑Y 1.84−y Eu 0.16 Bi y ͒O 3 the PL intensity of Bi 3+ ͑Fig. 7b͒ increases. If the concentration of Bi 3+ ͑y Ͼ 0.06͒ increased further, the emission intensity decreased. However, the intensity at 396 nm does not change, as we know the excitation at 396 nm is due to the direct 4f-4f transition of Eu 3+ . In the report, the concentration of Eu 3+ was the same in those phosphors, so that the intensity of excitation band at 396 nm and the emission spectra excited at 396 nm ͑Fig. 7c͒ did not show significant difference. When phosphors were excited under 396 nm, which was due to the energy transfer from Bi 3+ to Eu 3+ , Bi 3+ acted as a sensitizer for Eu 3+ emission, and different phenomena were observed ͑Fig. 7c͒. These emission spectra consist of lines in the red spectral area which correspond to the transition from the excited 5 D 0 to 7 F J ͑J = 0, 1, 2, 3, 4͒ of Eu 3+ ion. And, the broad band located at about 450 nm was 
2.284͑6͒ observed clearly while doped with y = 0.02 of Bi 3+ ions. However, with increasing concentration of Bi 3+ ion, the broad band located at 450 nm decreases gradually.
The CIE chromaticity coordinates of these emission spectra, excited under 350 and 396 nm, are shown in 3+ increased, CIE chromaticity coordinates approach the boundary of the closed curve. At 350 nm excitation considerable variation of color is observed and it approaches saturation becuase under 350 nm excitation both Bi ͑blue͒ and Eu ͑red͒ will absorb. So, when the concentration of Bi increases, energy transfer occurs from Bi to Eu and it approaches saturation. But, as far as 396 nm excitation is concerned, there is no considerable variation of color and the starting point 0.02 is itself present near the saturation. That is, at 396 nm ͑Fig. 7a͒ Eu itself has stronger absorption and even at the lower concentration ͑0.02͒ of Bi energy transfer occurs from Eu to Bi. So, increase of Bi concentration under 396 nm does not have significant change in color transition.
According to Dexter's report, 23 the "sensitized luminescence" consists of several processes: ͑1͒ absorption of a photon of energy E 0 by the sensitizer; ͑2͒ relaxation of the lattice surrounding the sensitizer by an amount such that the available electronic energy in a radiative transition from the sensitizer is E 1 and E 1 Ͻ E 0 ; ͑3͒ transfer of energy E 1 to the activator; ͑4͒ relaxation around the activator such that the available electronic energy in a radiative transition is E 2 Ͻ E 1 ; ͑5͒ emission of energy E 2 . In this investigation, Bi 3+ ions absorb 350 nm UV radiation ͑E 0 ͒, then release the energy by radiative transition process and emit 450 nm blue light ͑E 1 ͒. Subsequently, energy is transferred from the sensitizer Bi 3+ to activator Eu 3+ and emits red light via 5 D 0 to 7 F J ͑J = 0, 1, 2, 3, 4͒. Postulating that the dipole-dipole interaction plays a decisive process in the energy transfer between Bi 3+ and Eu 3+ ion, the probability, P, is given by the following equation
Here, R is the distance between Bi and Eu ion, n is the refractive index of the crystal, Eu is the absorption cross section of Eu 3+ ion and Bi is the radiative lifetime of Bi 3+ ion, E is the energy transfer ͑eV͒, and the integral represents the overlap between the normalized Bi 3+ emission and Eu 3+ excitation band. Instead of using the absorption cross section and the integration of the overlap, Eq. 2 can be rewritten in terms of the distance between Bi 3+ and Eu 3+ , which can be directly determined from the crystal parameters defined as concentration, the distance between Bi 3+ and Eu 3+ decreases; subsequently, the energy transition probability will increase. This phenomenon gave us the reason why the Bi 3+ emitted at 450 nm decreased and the color purity of these red phosphors increased, which was observed in CIE chromaticity coordinates.
Conclusions
Red phosphors ͑Y 1.84−y Eu 0.16 Bi y ͒O 3 ͑0 Ͻ y ഛ 0.12͒ have been synthesized by homogeneous coprecipitation. As the sintering temperature increased from 650 to 1650°C ᮀ, we observed the particle size and temperature dependence of PL intensity of red phosphors could be increased. Homogeneous coprecipitated powders have higher PL intensity than those of solid-state reaction powders. With the chemical substitution of Bi 3+ ion into ͑Y 1.84−y Eu 0. 16 Bi y ͒O 3 , we found that the efficiency of the phosphor could be enhanced by the energy transfer from Bi 3+ to Eu 3+ ion. Those red phosphors could be excited by 350-400 nm UV light and used in white LED. When the concentration of Bi 3+ ion increased gradually, the lattice constant and color purity increased because of the increased energy transfer rate.
